ABSTRACT: The effects of solvent, particlesize and temperatureon the adsorption isotherm for phenol on to activated carbon were investigated in this work. The first two effects were studiedby determiningthe adsorptionisotherm at 298 K in both aqueous and cyclohexane solutions,and using particle diameters of 0.338, 0.635.0.940 and 1.494mm,The last effect was analyzedby measuringthe adsorption isotherm at temperatures of 283 K, 298 K and 313 K in both solvents, and using a particle diameter of 0.940 mm. It was found that in the aqueous solution the amount of phenol adsorbed is greater than that in the cyclohexane solution, which was attributed to the fact that phenol has a higher affinity for cyclohexane than for water. Furthermore, the resultsrevealedthat in aqueoussolutionthe amount of phenol adsorbed increased when the particle size decreased and was slightly reduced by an increase in the temperature; however, in cyclohexane solution, the amount of phenol adsorbed was independent of particle size and considerably reduced by increasing temperature.
INTRODUCTION
The presence of organic compounds in groundwater, municipal and industrial wastewater, and drinking water poses a serious risk to the environment and to human health. A large number of these compounds are toxic. carcinogenic and resistant to natural biodegradation (recalcitrant). The main sources of pollution by organic compounds are industrial and municipal wastes and leachates from industrial and municipal waste landfills. The toxic organic compounds more frequently found are phenolic compounds since they have many different applications.
Phenol is very toxic towards human beings because it can be easily absorbed through the skin and can cause death. In aqueous solution, phenol is toxic to fish and other aquatic lives at levels above 2 g/m' (Lanouette 1977) . This organic compound is found very frequently in the wastewater of a wide variety of industries, including petroleum refining, coal conversion, resins and plastics, textiles. wood preservation, mining and dressing, dyes and other organic chemicals, and pulp and paper (Atlow et al. (984) .
Phenol can be removed from aqueous solution by several methods: ion exchange (Fox 1979) , extraction by solvent, incineration, biological degradation, adsorption on activated carbon (Mattson and Mark 1971) , chemical oxidation (Lanouette 1977) , photocatalytic decomposition (Okamoto et al. 1985) and enzymatic decomposition (Sun et al. 1992; Aitken 1993; Leyva-Ramos et al. 1996). *Author to whom all correspondence should be addressed at Av. Silvestre Lopez Portillo 107, Frace. Tangamanga, San Luis It is very well documented in the literature (Environmental Protection Agency 1991; Stenzel 1993) that adsorption on activated carbon is the best technology available for treating both surface and ground waters containing the following organic compounds: aromatic solvents, polynuclear aromatics, aromatic chlorides, surfactants, phenolic compounds, pesticides, herbicides, aromatic and aliphatic amines of high molecular weight and soluble organic colourants.
TIle adsorption capacity of activated carbon is attributed mainly to its large surface area, to the physicochemical nature of its surface and to the favourable size of its pores which make the internal surface area of the pores accessible to the adsorbate molecule. Activated carbon paticles contain a complex network of pores, which have been classified into micropores, mesopores and macropores. The surface area is found predominantly in the micropores which have diameters less than 2 nm. The macropores act as passageways to the interior of the mesopores and to the surface of the micropores (Cheremisinoff and Cheremisinoff 1993). The distribution of pore size in a given activated carbon depends on the type of raw material used and the method of manufacture employed for the carbon (Bansal et al. 1988) .
In previous studies it was shown that phenol, substituted phenols and weak aromatic acids are adsorbed to a considerable extent on activated carbon (Mattson and Mark 1971; Leyva-Ramos and Mendoza Barron 1986; Ravi et al. 1998) . It has been reported that the surface of pure carbon is non-polar, although the surface of activated carbon is slightly polar due to the presence of some carbon-oxygen complexes. The adsorption of organic compounds on activated carbon from aqueous solution depends mainly on two factors that favour the accumulation of adsorbate on the surface of the carbon. The first is the affinity between the adsorbate and the solvent, which is related to the polarities of the adsorbate and the solvent. The second is the attraction or repulsion existing between the adsorbate and the surface of the carbon (Weber 1972) .
The object of the present work was to study the effects of solvent, temperature and particle size on the adsorption isotherm of phenol on to activated carbon.
EXPERIMENTAL
The phenol and cyclohexane used in this study were of reagent grade. The granular activated carbon used is known commerically as Filtrasorb 400 (F-400) (Calgon Carbon Corp.) and is manufactured from coconut shells. The activated carbon was sieved to obtain particles of 1.494, 0.940, 0.635 and 0.338 mm average diameter, washed several times with doubly distilled water, dried in an oven at 393 K for 24 h, and then stored in closed containers. Measurement of the surface area, pore volume and pore size distribution of the activated carbon was carried out employing a surface area analyzer (Micromeritics, ASAP 2010 model).
The phenol in water and phenol in cyclohexane solutions were analyzed by measuring their absorbance by means of a UV-vis spectrophotometer (Hewlett-Packard 8452A model) at wavelengths of 271 nm and 270 nm, respectively, and employing a slit width of I nm. Calibration curves were prepared using standard solutions of five different concentrations, the concentration ranges determined being 10-50 mg/drn' for phenol in water and 20-100 mg/dm' for phenol in cyclohexane.
The experimental adsorption isotherm data were obtained using a batch adsorber consisting of a 0.5 dm' volume Erlenmeyer flask for phenol in water and of a 0.250 dm' Erlenmeyer flask for phenol in cyclohexane. The adsorbate solution and baskets made of Nylon mesh containing the activated carbon were placed inside the adsorber, making sure that the carbon was completely covered with the solution. The adsorber was sealed with a Neoprene stopper and partially submerged in a constant temperature water bath. The solution within the adsorber was agitated continuously by means of a magnetic stirrer situated just below the water bath. The carbon was placed in Nylon mesh baskets to avoid fine particles, formed during agitation, from interfering with the analysis of the solution. Before placing the baskets containing the carbon inside the adsorber solution, the carbon was pretreated with solvent to fill up the carbon pores and to eliminate the air inside the pores. Without such precautions, the air trapped within the pores would reduce the surface area available for adsorption, causing a reduction in the adsorption capacity of the carbon.
Adsorption isotherm data were obtained by contacting a given mass of carbon in the batch adsorber with a given volume of a solution of a known phenol concentration. The progress of such adsorption was followed by sampling the solution from time to time to determine the residual phenol concentration. Equilibrium was assumed when the concentrations of two consecutive samples did not change over a period of time. Usually 3 d was sufficient to reach equilibrium. The mass of phenol adsorbed was calculated by mass balance methods.
RESULTS AND DISCUSSION

Physical characterization of the adsorbent
The surface area, pore volume and mean pore distribution of the adsorbent were evaluated by surface area analyzer methods, the results obtained being listed in Table 1 . As noted in this table, two measurements were made for each particle size with the difference between these two measurements being always smaller than 2%. Thus, it is considered that the procedure for characterizing the carbon is reproducible and has an experimental error of less than 2%.
The results of Table I also show that the surface area, pore volume and mean pore diameter of the adsorbent varied slightly, although without any significant trend, when the particle diameter decreased. The above results were expected because the characteristics of the internal structure of the activated carbon are dependent on the process of activation and not on the particle diameter. Adsorption isotherms
The experimental data for phenol adsorption on the activated carbon studied were fitted to the isotherms of Langmuir, Freundlich and Redlich-Peterson (Weber 1972; Leyva-Ramos and Geankoplis 1994) , which may be represented by the following equations:
where q is the mass of phenol adsorbed, C is the equilibrium concentration of phenol, qm and K are the constants of the Langmuir isotherm, k and n are the constants of the Freundlich isotherm, and a, b and~are the constants of the Redlich-Peterson isotherm.
The isotherm parameters for these three models were evaluated by a least-squares method employing an optimization algorithm. Values of these isotherm parameters, as well as the average absolute percentage deviation, are shown in Tables 2, 3 and 4. The average absolute percentage deviation was defined as:
where N is the number of experimental data points, qexp is the experimental mass of phenol adsorbed and qcak is the mass of phenol adsorbed as calculated from the adsorption isotherm.
As is obvious from Tables 2-4, the best fit for the data was achieved with the Redlich-Peterson isotherm because, in all cases, the percentage deviation for this isotherm was always less than for the other two. This is due to the fact that the Redlich-Peterson isotherm has three adjustable parameters while the Langmuir and Freundlich isotherms have only two such parameters. The experimental adsorption data and the Redlich-Peterson isotherms predicted using the values of the parameters reported in Table 4 are plotted in Figures 1-5 .
At 298 K and a mean particle diameter of 0.338 mm, the percentage of the surface area covered with phenol molecules may be estimated using the Langmuir constant corresponding to the maximum mass of phenol adsorbed, qm (Table 2) , a molecular area for phenol of 41.2 x 10-16 ern? and the surface area of the activated carbon (Table I) . The corresponding percentages of surface coverage for phenol in water and phenol in cyclohexane were 46.5% and 32.9%, respectively. 
Effect of particle size
The effect of the mean particle diameter, dr' on phenol adsorption from aqueous solution and from cyclohexane solution is shown in Figures I and 2 , respectively. For aqueous solutions, the phenol isotherm increased when the particle diameter decreased from 0.940 mm to 0.338 mm; however, the isotherm remained unchanged when the diameter was reduced from 1.494 mm to 0.940 mm. Similar results have been reported by Weber and Morris (1964) and Singh and Rawat (1994) . This effect may be explained by assuming that the surface area available for adsorption increased when the particle diameter was reduced. It is known that, generally, when large activated carbon particles ..c:: c.
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are crushed to form smaller ones, that crushing probably opens up some of the previously unexposed pores that had an 'ink bottle' form as referred to by Adamson (1990) . Such crushing also increases the surface area available for phenol adsorption, because some of the area of the 'ink bottle' pores is now accessible to the phenol molecules. However, this increase in the surface area cannot be observed in the results listed in Table 1 since those surface areas were measured using N 2 at 77 K (BET method) and nitrogen molecules are smaller than phenol molecules.
For cyclohexane solutions, the phenol isotherm did not vary significantly when the diameter of the particle was reduced from 1.494mm to 0.338 mm. This behaviour may be explained by assuming that the extent to which the surface area of some micropores is available for adsorption depends on the relative size of the phenol molecule to the solvent molecule. In liquid/porous solid adsorption, an adsorbate molecule diffuses inside the pores through solvent molecules filling up the pores and then displaces a solvent molecule from the surface to enable adsorption to occur. In very small micropores, this process may be hindered by the relative sizes of the solvent and adsorbate molecules.
Effect of temperature
The effect of temperature on the adsorption isotherms of phenol from both aqueous and cyclohexane solutions is depicted in Figures 3 and 4 , respectively. As shown in these figures, adsorption of phenol from the aqueous medium was almost independent of temperature over the range 283-313 K; however, adsorption of phenol from the cyclohexane solution was reduced by 40-60% on increasing the temperature from 283 K to 313 K. This latter type of behaviour has been reported by other workers (Radke and Prausnitz 1990; Leyva-Ramos 1989) for the adsorption of several organic solutes from aqueous solution on to granular activated carbon.
The adsorption isotherms of phenol from water and from cyclohexane solution at 298 K have been plotted in Figure 5 . On average, phenol was adsorbed from aqueous solution on to activated carbon by 1.6-times the extent of similar adsorption from cyclohexane solution. The adsorption of a phenol molecule from a liquid solution on to a solid surface may be attributed to the interaction between phenol and the surface of the adsorbent, to the interaction between phenol and the solvent, or to a combination of both factors. In the particular case studied in the present work, the discrepancy between the mass of phenol adsorbed from both solvents may be attributed to differences in the interactions between the solvents and the phenol molecule. Both phenol and water are polar compounds with very similar polarities, while cyclohexane is a non-polar compound. This means that phenol has a higher affinity for cyclohexane than for water and for this reason phenol in cyclohexane solution was adsorbed on to activated carbon to a smaller extent than phenol in an aqueous solution. Several authors have reported similar results and have concluded that the adsorption of an organic solute from an organic solvent occurs to a lesser extent than its adsorption from an aqueous solution (Cooney 1998) .
Isosteric heat of adsorption
The isosteric heat of adsorption,~Hads' for both systems may be estimated by employing the following equation (Leyva-Ramos 1989): dIn C~HadS
where T is the temperature. Figure 6 depicts the heat of adsorption as a function of the mass of phenol adsorbed. As observed from this figure. the order of magnitude of the heat of adsorption for phenol in cyclohexane is between 24.3 kl/mol and 40.6 kl/mol and for phenol in water is between 7.5 kl/mol and 12.6 kl/mol, suggesting that phenol adsorption from cyclohexane is chemical in nature while phenol adsorption from water is physical in nature. On the other hand, the heat of adsorption for phenol in cyclohexane decreased with the mass of phenol adsorbed, an effect which may be attributed to the fact that phenol is adsorbed first on the most energetic sites. In the case of phenol in water, the heat of adsorption exhibited a slight tendency to decrease with the mass of phenol adsorbed, although it may be considered essentially constant. This occurs because the adsorption of phenol from water takes place on active sites which are energetically homogeneous,
CONCLUSIONS
The Redlich-Peterson isotherm provides the best fit for data relating to the adsorption of phenol on to activated carbon Filtrasorb 400 from both aqueous solution and cyclohexane solution. The mass of phenol adsorbed from aqueous solution was ca. 1.6-times larger than that from cyclohexane solution. This difference was attributed to the affinity between the phenol and the solvent.
The adsorption isotherm for phenol from aqueous solution was independent of temperature while that from cyclohexane solution diminished as the temperature increased. Correspondingly, the adsorption isotherm for phenol from aqueous solution increased as the particle diameter diminished, an effect which was attributed to an increase in the surface area available for adsorption. However, the adsorption isotherm for phenol from cyclohexane solution was unaffected by the particle size which may be due to hindrance effects. The magnitude of the isosteric heat of adsorption indicated that the adsorption of phenol from cyclohexane solution occurred via chemical means whereas that from aqueous solution was of the physical type.
